Abstract
Introduction
Carpal tunnel syndrome (CTS) is the most common compressive mono-neuropathy and represents an important cause of functional hand impairment and disability. CTS is often associated with loss of work, inability to perform family and social roles, living and working with pain, and physical disability that may lead to compensation claims. [1, 2] Surgical and other treatments are often needed. The cumulative estimated income loss from CTS per patient over a period of six years is estimated to be $45,000-89,000. [3] CTS therefore confers an economic burden on patients, employers, and health care institutions. [4, 5] The estimated annual incidence of CTS ranges from 324 to 542 per 100,000 adult women, with a female to male ratio of 3 to 1. [6] [7] [8] The epidemiology of CTS varies by geography but incidence increases with age, suggesting that menopausal factors may play an important role in the pathogenesis of CTS. [9, 10] Recent evidence also suggests that CTS incidence is rising among postmenopausal women, possibly associated with declines in ovarian production of estrogen and the universal declining use of Hormone Therapy (HT). [11] It is believed that CTS occurs due to idiopathic increase in the pressure within the carpal tunnel, but may be precipitated by factors including anatomic compression from repeated use, ischemic injury, and systemic inflammation from conditions such as pregnancy and rheumatoid arthritis as well as local inflammation of the flexor tenosynovium. [12, 13] Small case series have suggested that severe CTS unresponsive to traditional non-surgical treatments may benefit from HT prescribed for menopausal symptoms. [14, 15] However, such reports pertain to symptoms among patients already diagnosed with CTS in the context of other primary diagnoses. Furthermore, a few studies provided conflicting evidence and suggested that HT had no effect on CTS; these studies were limited by case-control methodology, short follow-up time, small sample sizes, or having arthralgia as the primary outcome rather than CTS. [16] [17] [18] Because the association between HT and CTS remains uncertain we used the largest clinical trial of women receiving HT to date, the Women's Health Initiative (WHI) HT trials, and followed a large sample of women aged 65 and older who were randomized in a double-blinded, placebo-controlled trial to determine the effect of HT on the incidence of CTS.
Methods

Participants
We conducted a secondary analysis of the estrogen-alone (Conjugated Equine Estrogens [CEE] ) and CEE plus medroxyprogesterone (CEE+MPA) trials conducted within WHI. A detailed discussion of the methods of the WHI trials and the principal findings of the HT trials are available elsewhere. [19] [20] [21] The current study population consisted of women aged 65 years and older at study entry or those who later aged into Medicare eligibility, and who were enrolled in Medicare (including Part A and/or Part B coverage). WHI participants were linked with Medicare data using social security number, date of birth and, in some cases, date of death, and residential zip code.
Women were recruited at 40 clinical centers between 1993 and 1998. The National Institutes of Health and institutional review boards for all participating clinical sites approved the WHI protocols and consent forms. The National Institutes of Health Institutional Review Boards (NIH IRBs) for all participating clinical sites approved the WHI protocols and consent forms. This is a clinical trial that was approved and reviewed by the ethical reviews of the National Heart, Lung, and Blood Institute and local IRBs of 40 participating clinical sites. More information can be found at: https://clinicaltrials.gov/ct2/show/NCT00000611. Women were excluded if their expected survival was less than 3 years, had a contraindication to using the study medications, or were deemed to be at risk of poor medication adherence. Women with hysterectomy were eligible for the CEE trial, and women without hysterectomy were eligible for the CEE +MPA trial due to increased risk of endometrial cancer with unopposed estrogen. Eligible participants were randomized in equal proportions to receive 0.625 mg/d of CEE (Premarin, Wyeth, Philadelphia, PA) or placebo using a stratified permuted block algorithm with blinded dispensing. [20] Women in the CEE+MPA trial were randomized in equal proportions to receive 0.625 mg/d of CEE plus 2.5 mg/d of MPA or placebo, administered as a single tablet.
Outcome measures
The primary outcome for this analysis was incident CTS, and the secondary outcome was CTS associated procedures. We identified outcomes in the CMS Medicare data by using a single International Classification of Diseases (9th Revision, Clinical Modification [ICD-9-CM]) code as a principal or secondary diagnosis code. We defined CTS in the CMS Medicare data as first occurrence of the ICD-9-CM diagnosis code of 354.0 in any position; in either the inpatient (MedPAR), outpatient header or carrier header data files. A CTS procedure was defined as the first occurrence of one of the three Current Procedural Terminology (CPT) codes: 1) Code: 20526 (injections, therapeutic (e.g., local anesthetic, corticosteroid), carpal tunnel, 2) Code: 29848 (endoscopy, wrist, surgical, with release of transverse carpal ligament); or 3) Code: 64721 (neuroplasty and/or transposition; median nerve at carpal tunnel) in either the outpatient or carrier line item data files. All of the other medical conditions used in the analysis were self-reported.
Statistical analyses
An intention-to-treat analysis was used based solely on Medicare-determined outcomes among women 65 years of age or older at randomization or who aged into Medicare during the intervention period. For these analyses, we allowed participants to age into Medicare during the intervention period, so that time zero for the time-to-event models starts when each participant's Medicare coverage started, rather than at randomization. As a result, duration of follow-up is shorter than what was previously reported for all participants in the two trials. [21] Cox proportional hazards models were used to determine the effect of treatment assignment on incidence of CTS outcomes. Baseline characteristics for women who were linked with Medicare data were compared by randomization group using Chi-square and t-tests.
We compared the incidence of CTS among the women randomized to HT or placebo during the period of active intervention. The start of follow-up was the start of Medicare coverage through July 7, 2002 for the CEE+MPA trial, and through February 29, 2004 for the CEE trial, the dates that the intervention phases of the trial stopped. Participants were censored when they were no longer enrolled in fee-for-service Medicare Part A or B, withdrew from the trial, or died. Annual rates of clinical events were estimated for the intervention period. Cumulative hazard curves estimated using the Kaplan-Meier method [22] compared study drug assignment from the start of Medicare coverage through the end of the intervention phases of the trials. HRs were estimated using Cox proportional hazards models stratified by randomization age strata (50-54, 55-59, 60-69, 70-79) and Dietary Modification Trial randomization arm, since a small proportion of HT trial participants were also randomized into that study. Since all potential confounders were balanced by randomization groups, other factors were not included in the final models. The proportional hazards assumption was tested by including an interaction term in the models between the treatment arm and the log time-to-event. The proportional hazards assumption was not met in the CEE trial models; additional models were run to test for differences in risk between two time periods of follow-up where the risk appeared to differ. Tests for interaction between potential risk factors and study medications were conducted in expanded Cox models by adding product terms between the study medication and each risk factor that included: linear age, linear trend for BMI, and categorical factors for job type, smoking, prior HT use, diabetes, rheumatoid arthritis and thyroid disease.
Sensitivity analyses for nonadherence with study medication were conducted by censoring follow-up time 6 months after participants became non-adherent, defined as either taking less than 80% of study medication or starting HT outside of the protocol. In addition, to control for characteristics that may relate to adherence, an inverse probability weighting method was used where the weights are the inverse of the participant's estimated probability of adherence. [23] All statistical analyses were conducted using SAS software Version 9.4 and R software Version 3.1.2
Results
The study flow diagram for this analysis is outlined in Fig 1. Baseline characteristics for the entire trial cohort were presented elsewhere. [19, 24] A total of 16,053 women either had CMS coverage at randomization or later aged into it during the intervention phase and were included in the analysis. Of those women, 6,833 were in the CEE trial and 9,220 were in the CEE+MPA trial. Baseline characteristics for the study group are summarized in Table 1 . The randomization groups were balanced on key baseline demographic and disease risk factors. The mean intervention intervals were 4.5±2.8 years for the CEE trial, and 3.7±2.3 years in the CEE+MPA trial.
The observed annual incidence rate of any CTS event in the CEE trial was 1.39% for the intervention group compared to 1.76% for the placebo group ( Table 2 ). The observed annual incidence rate of CTS was 1.01% for the CEE+MPA group, compared with 1.26% for the corresponding placebo group. Both HT groups demonstrated a significantly decreased risk of CTS (HR, 0.78; 95% CI, 0.65-0.94; P = 0.009 for the CEE trial and HR, 0.80, 95% CI, 0.65-0.97; P = 0.027 for the CEE+MPA trial).
The cumulative incidence curves for CTS diagnosis or procedure showed lower cumulative hazard in the intervention group beginning in the first year of randomization for the CEE +MPA trial. In the CEE trial, lower cumulative hazard of CTS became apparent after approximately four years, Fig 2. Most CTS procedures were neuroplasty and/or transposition of the median nerve at the carpal tunnel (approximately 90% of CTS procedures). When accounting for the full follow up period, there were no statistically significant differences in therapeutic procedures in either the CEE trial (HR, 0.77; 95% CI, 0.54, 1.11; P = 0.16), or in the CEE+MPA trial (HR, 0.78; 95% CI, 0.51, 1.20; P = 0.26). This is likely explained by a relatively low number of CTS procedures since point estimates were similar to the CTS incidence rates. Furthermore, in the CEE trial, there was a significantly lower incidence of CTS procedures in the intervention group beyond Flowchart of the woman study enrollment. Individuals were excluded prior to randomization for safety reasons such as history of breast cancer (4.5%), or clinic staff impression that a woman was not a good candidate for the study (4.8%). Some women were not included in the trial if the stratum was closed (4.6%). The majority of exclusions were due to lack of interest or no informed consent for the estrogen therapy component of the Women's Heath Initiative (81.2%). CEE, conjugated equine estrogens; MPA, medroxyprogesterone acetate.
https://doi.org/10.1371/journal.pone.0207509.g001 four years of study enrollment (HR, 0.42; 95% CI, 0.22, 0.77; P = 0.006), which was significantly different from the HR in the first four years (p-value for interaction of 0.01, Table B in S1 File).
No significant interactions for risk of CTS were found between study drug assignment and BMI, job type, smoking status, prior hormone use, history of diabetes, rheumatoid arthritis, and thyroid disease in the analyses (all P values for interaction �0.3) (Fig 3; Table B in S1 File). Sensitivity analyses accounting for non-adherence were performed and showed similar but slightly stronger protective effects of HT on the incidence of CTS compared to the primary analyses (Table C in S1 File).
Discussion
After menopause, and in cases of iatrogenic premature menopause, estrogen is no longer synthesized by the ovaries and this has many side effects. Research on menopausal hormone therapy is important, as is the ongoing debate about benefits versus risks. Most recently, the US preventive Services Task Force presented a Recommendation Statement and Evidence Report that consider the risks and benefits of menopausal hormone therapy for primary prevention of chronic conditions. [25] In this report, it was clear that more research like what is presented in this paper is needed to be used by physicians to impart to their patients during discussions about therapies for menopausal symptoms like CTS.
These findings demonstrate, for the first time in secondary analysis of a randomized, double-blind trial of HT in postmenopausal women, that the risk of incident CTS was decreased by CEE or CEE+MPA, each compared to placebo. In both trials, use of HT reduced CTS risk by approximately 20%. Further, while not statistically significant in either trial, the risk of therapeutic CTS procedures was similarly decreased in both intervention groups. In analyses examining participant characteristics that may increase CTS risk, no effect modification was detected, supporting our hypothesis that HT may decrease the risk of CTS.
There are several pathophysiological hypotheses by which HT might influence the development of CTS. Changes in forearm fat content that occur during and after menopause, which may be mitigated or reversed by HT, could result in reduced risk of CTS. [15, 26] Also, estrogen and progesterone receptors are present in the transverse carpal ligament and flexor tenosynovium, suggesting that HT may have specific biologic effects by modulating pressure in the carpal tunnel. [27] Various estrogen preparations with or without progestin were found to have favorable effects on most soluble inflammatory markers including prostaglandin E2 and vascular endothelial factor (VEGF). [28, 29] These two markers are specifically excessively expressed in synovial biopsy tissue from patients with symptomatic CTS. [30] Further, aromatase inhibitors, which may lower serum estrogen levels, can increase the incidence of CTS and arthralgia in breast cancer patients by contributing to tenosynovitis and edema specifically in the flexor compartments of the wrist. [31] [32] [33] [34] The rapid drop in estrogen concentrations induced by aromatase inhibitors is believed to reduce the protective anti-nociceptive effect of estrogens, which decreases the threshold for pain stimuli, thereby exposing patients to symptoms from underlying musculoskeletal conditions such as CTS. [35] Additionally, menopause induced by surgery or radiation increases CTS incidence, an observation which supports our findings. [36, 37] Furthermore, the well-established positive immunomodulatory effect of HT in autoimmune and inflammatory conditions, such as multiple sclerosis and arthritis, suggest that withdrawal of endogenous estrogen facilitate the onset of inflammation, which may be offset by estrogen replacement. [38] [39] [40] It remains unclear, however, whether HT has the same protective effects that may reduce the incidence of CTS in postmenopausal women. Moreover, immunohistochemical studies suggest that estrogen receptors are upregulated in tenosynovial tissue in postmenopausal women with idiopathic CTS. [27, 41] This is the first study to examine a potential causal relationship between HT and CTS in a large number of participants with several years of follow-up. Case reports [14] and observational studies in hemodialysis patients [42] suggested a protective role for HT. In the current study, CTS procedure rates were not statistically significantly different between the intervention and the placebo groups likely because of the number of procedures was relatively small decreasing the power to achieve statistical significance. However, the effect size was consistent with the CTS incidence. Interestingly, after 4 years of follow up in the CEE trial, CTS procedure rates were substantially higher in the placebo group compared to the intervention group. It is possible that in the first several years following a suspected CTS diagnosis, conservative management strategies were tried and might have provided short-term relief in some patients before surgery was advised, which may explain the noted temporal relationship.
Our findings may also suggest that CEE's impact on CTS risk may differ from that of CEE +MPA. In the CEE+MPA trial, cumulative incidence curves diverged much earlier than in the CEE trial soon after the start of the trial. This finding may be due to different biologic effects of the interventions, possibly due to the progestin component in CEE+MPA that may have additional favorable effects. Another explanation may be attributed to differences in the study populations between the two trials. The latter hypothesis is supported by the different rates of CTS in the placebo arms between the two trials. [43] The current study has several strengths such as its large study population, randomized clinical trial with intention-to-treat analysis which supports the generalizability of the results. It specifically investigated CTS as opposed to other studies in which general musculoskeletal diagnoses were the outcome of interest. Study limitations include the use of Medicare data for capturing CTS information; a method that has not been fully validated. However, Graham et al. reported that the correlation between CTS predicted by a regression model and a panel of physicians using ICD-9 codes was high (correlation coefficient was estimated at 0.71). [44] Procedure codes typically have a high positive predictive value for their indication, but this has not been formally validated for CTS procedures. Moreover, misclassification bias typically biases results toward the null, so is unlikely to explain our results. Since there was significant association between HT and CTS in the intervention portion of both trials, the results are unlikely to be explained by a significant misclassification of the outcomes. While women who had CTS at baseline or prior to randomization may not have been excluded because many WHI participants did not have Medicare claims prior to randomization and such information was not collected in the trial, the incidence in placebo and HT intervention groups is likely to have been balanced across randomization groups. This may suggest an effect of HT on treatment, rather than prevention of CTS. As in other randomized trials, women who volunteered to participate may have been healthier and more motivated to adhere to the study protocol, which may limit the generalizability of the findings to all postmenopausal women.
HT is no longer prescribed the way it was when the WHI was started fifteen years ago since there were abundant adverse outcomes associated with HT use. Therefore, this study is not encouraging HT use solely to prevent or treat CTS. However, current HT use are mostly related to quality of life and for some patients, especially those at increased risk of CTS, the evidence may inform clinical decisions depending on each patient's predicted response or risk of disease. As we move more towards personalized medicine, it is important that we build the evidence in this area. Additionally, while these findings are interesting and novel, future research should explore the role of transdermal HT products for example on CTS incidence rates.
Conclusions
To our knowledge, this is the first large-scale observational analysis in a randomized trial population where CTS risk, a common and chronic problem that affects functioning and productivity, is suggested to be decreased by hormonal intervention. CTS could be added to the list of outcomes that may inform the decision-making process for women considering menopausal HT, particularly those who have other risk factors for CTS. The preventive effect of both CEE and CEE+MPA may provide an opportunity to explore a potential therapeutic role of other types of HT such as transdermal patches for patients with prevalent CTS. Future clinical trials with CTS as a predefined endpoint are needed to examine and quantify this relationship.
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